Outsourcing and Technological Change * We present a dynamic model where the probability of outsourcing production is increasing in the firm's expectation of technological change. As the pace of innovations in production technologies increases, the less time the firm has to amortize the sunk costs associated with purchasing and adopting new technologies to produce in-house. Therefore, purchasing from market suppliers, who can afford to use the latest technology, becomes relatively cheaper. The predictions of the model are tested using a panel dataset on Spanish firms for the time period 1990 through 2002. In order to address potential endogeneity problems, we use an exogenous proxy for technological change, namely the number of patents granted by the U.S. patent office classified by technological class. We map the technological classes to the Spanish industrial sectors in which the patents are used and provide causal evidence of the impact of expected technological change on the likelihood and extent of production outsourcing. No prior study has been able to provide such causal evidence. Our results are robust to the inclusion of detailed characteristics of the firms as well as firm fixed effects.
I. Introduction
Outsourcing, or the contracting out of activities to subcontractors outside the firm, has become widespread in many countries.
1 A number of explanations for the increase in outsourcing have been proposed and tested in the literature. Among them are that outsourcing is a response to unpredictable variations in demand (Abraham and Taylor, 1996) , an opportunity to take advantage of the specialized knowledge of suppliers (Abraham and Taylor, 1996) , and a method to save on labor costs (Abraham and Taylor, 1996; Autor, 2001; Diaz-Mora, 2005; and Girma and Gorg, 2004) .
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Another important determinant of outsourcing is technology and this has been the subject of theoretical and empirical work. According to the transactions costs theory (Williamson 1975 (Williamson , 1985 , if investments result in greater asset specificity, firms fearing expropriation of investments will reduce outsourcing. The property rights theory (Grossman and Hart, 1986) predicts that vertical integration between an upstream firm (the supplier) and a downstream firm (the final good producer) generates different costs and benefits to each of the parties. Therefore, the incentives to integrate or to outsource depend on which investments -the supplier's or the final good producer's -are relatively more important for the success of the joint relationship (Grossman and Hart, 1986; Gibbons, 2005; Hubbard, 2008) . 3 Some empirical studies have focused on testing these theories. In a study of U.K.
manufacturing firms, Acemoglu et.al. (2010) found evidence consistent with the predictions of the property rights theory, namely that technology intensity in the producing industry is associated with more vertical integration while technology intensity in the supplying industry is associated with less integration, where technology intensity is measured by R&D intensity. Lileeva and Van Biesebroeck (2008) also found evidence consistent with the predictions of the property rights model, using data on Canadian manufacturing firms. Mol (2005) , however, found that in the Dutch manufacturing sector, R&D-intensive industries were able to solve the noncontractibility problem by using partnership relations with outside suppliers to reduce the likelihood of specific investments being appropriated. 4 Other studies that have examined the relationship between technology and outsourcing, without relying on the transactions cost or property rights theories, are Magnani (2006) who found evidence that technological diffusion driven by R&D spillovers was in part responsible for the growth of outsourced services in the U.S. and Abramovsky and Griffith (2006) who found that UK firms that were intensive in information and communication technologies were more likely to purchase services in the market.
In this paper we provide an alternative perspective on the relationship between technology and outsourcing. Unlike previous studies which have focused on the nature or intensity of technology, we focus on expectations of technology change. We present a dynamic model that analyzes how firms' expectations with regards to technological change influence the decision to outsource production, an issue ignored in the literature. 5 Our model abstracts from other considerations such as transactions costs or asset specificity. The model shows that outsourcing becomes more beneficial to the firm when technology is changing rapidly. A firm 4 can buy the latest technology and produce intermediate inputs in-house. Firms incur a sunk cost when adopting new technologies. Outsourcing, on the other hand, enables the firm to purchase inputs from supplying firms using the latest production technology while avoiding the sunk costs of the new technology. As the pace of innovations in production technology increases, the less time the firm has to amortize the sunk costs associated with purchasing the new technologies.
This makes producing in-house with the latest technologies relatively more expensive than outsourcing. The model therefore provides an explanation for the recent increases in outsourcing that have taken place in an environment of increased expectations for technological change.
We test the predictions of the model using a panel dataset of Spanish firms for the time period 1990 through 2002. This dataset is superior to those used in previous studies of the determinants of outsourcing in several dimensions. 6 First, unlike many studies that used industry level data, we use a large sample of firms. Second, we have panel data that allow us to observe changes within firms over a long time period. Third, in addition to detailed information on outsourcing, the dataset provides rich information related to technological activities, such as the use of computers, investment in R&D, registration of patents, and product innovation.
While information on the firm's technological activities is likely to be correlated with the firm's expectations of technological change, these variables cannot be treated as purely exogenous. To address this endogeneity problem, we use the number of patents granted by the U.S. patent office classified by technological class and map the technological classes to the Spanish industries in which the patents are used. 7 The empirical results support the main prediction of the theoretical model, namely, that all other things equal, outsourcing increases with the probability of technological change. Our use of the patent variable enables us to conclude that this relationship is causal; no prior study has been able to provide causal evidence of the 6 Holl (2008) used this dataset to study the effect of agglomeration economies on outsourcing and Lopez (2002) used it to study the impact of outsourcing on wages. 7 Patents are commonly classified by the industry in which they originated, while our analysis calls for a classification by industry of use. In Section III we describe how we constructed such a measure.
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impact of technological change on outsourcing. We also show that our results are robust to the inclusion of a measure of relationship-specific investments and furthermore that the patents variable remains significant when the analysis is restricted to industries with little relationshipspecific investments. Importantly, this shows that our results cannot be explained by the transactions cost or property rights theories. Finally, our finding regarding the relationship between patents and outsourcing is robust to the inclusion of firm-level fixed effects, unlike the findings for many of the non-technology variables that prior researchers have studied.
Part II describes a simple dynamic model of the relationship between outsourcing and expected technological change. The complete model is given in the Appendix. Part III discusses the data and empirical specifications used to test the predictions of the model. Results are presented in Part IV. Part V concludes.
II. The Decision to Outsource Production
In this section we present a simple model that shows how the decision to outsource production is related to the probability of technological change. The complete model is presented in the Appendix. The model is motivated with the following example.
Suppose that the production of a final good requires an input that is composed of advanced capital equipment and labor. This input can either be produced in-house by the final good firm or it can be purchased in the market from an external supplier. The latter option amounts to outsourcing the production process. Installing the capital equipment and training the workforce to use the equipment involve expenses that are sunk to the firm. Suppose that technological change occurs in the sector supplying capital goods to this firm. For example, new IT-enhanced capital equipment becomes available for use in manufacturing. 8 The firm will need 6 to decide between making this capital investment or outsourcing the production of the final good to a firm that uses the new equipment. The relative costs of in-house production will increase if the frequency of technological change is increasing because the length of time over which a given fixed investment will benefit the firm becomes too short to justify incurring the sunk costs associated with the investment, making outsourcing the cheaper alternative. 9 The model we present below captures the essence of this example.
A firm produces a profit-maximizing amount q of a final good using a single input . x
The model focuses on determining how to procure a given level of input .
x There are two ways of obtaining .
x One way is to produce x in-house, while the other way is to buy x in the market, which we refer to as "outsourcing production" . We implicitly assume that there are firms (the suppliers) willing to produce and supply x , i.e., there is an active market for x but we do not model the supply side here. The final good producer takes the price of x as given.
For simplicity we assume constant returns to scale in production. This allows us, after a normalization, to set = x q which is desirable for the empirical work since q is observed. This assumption also ensures that the firm does not split x between in-house production and outsourcing. The firm will either produce all of x in-house or will outsource all of it. The firm could also attempt to lower its sunk costs by outsourcing the training of its workforce. For example, the firm may need to hire an instructor to train a single operator of the advanced equipment, but the same instructor could probably train more than one person simultaneously without incurring additional costs. The combination of a sunk cost and indivisibility (of the instructor) is precisely the feature being exploited by temporary employment agencies (Autor, 2001) : they use the same instructor to train several workers in basic computer skills and offer them to firms at an attractive price because they can spread the sunk cost over a larger output (computer-skilled workers). Our model and empirical work does not consider outsourcing of training but rather focuses on the outsourcing of production.
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In order to produce x in-house the firm uses another input which we call "machines" , each of which produces t θ units of .
x The productivity parameter θ evolves over time in a discrete fashion. That is, with probability , λ θ can jump to + θ δ in the next period, 1 with probability = with probability 1
Our goal is to show how the decision to outsource depends on , λ the probability of technological change. Note that technological change occurs in the sector producing the machines used in the production of .
x Thus, we view technological change as embodied in machines.
The revenues obtained from selling the final good do not depend on the way in which x was procured. Thus, the decision to produce x in-house or to buy it in the market (outsource it ) depends on which alternative is cheaper. At the beginning of each period, the state of technology is realized and the firm compares the costs of in-house production ( 0 ) C to the costs of
Adopting a new technology involves the payment of 0 ≥ s dollars to use it. The sunk cost s is associated with installing and using the machines of a given productivity for the first time. s is incurred only once and includes training costs. For simplicity, this sunk cost does not depend on the firm's previous experience with in-house production. Thus, there are no dynamic gains associated with in-house production.
When a new technology appears in the market a firm that decides to produce in-house can, in principle, always " skip" the new, upgraded machines. That is, the firm has the option to continue using the previous (old) technology if it has bought it in the past, or it could even buy 8 the old technology in the market if it did not do so previously. It is not always profitable to adopt the latest technology. This adoption decision depends on whether using the upgraded technology is less costly than using the old technology. This is determined by the size of the sunk cost relative to the savings of using the latest technology. However, to simplify the analysis and because this adoption decision is not the focus of the paper, we will assume that upgrading always dominates keeping the old technology (and, as shown in the Appendix, we make the necessary assumptions that guarantee this is the optimal decision). Thus, if a firm decides to produce in-house it will always do so using the latest technology.
The cost of in-house production 0 C is therefore the cost of production using the latest technology available. A-fortiori, this assumption logically implies that suppliers of x in the market should always be producing with the latest technology because they spread the sunk cost of upgrading over a larger quantity of output. Thus, outsourcing involves buying x from suppliers using the latest technology.
The cost of in-house production 0 C depends on whether technology changed from last period and on the firm's outsourcing decision last period,
.
− t y If technology changed, the firm will pay the sunk cost s and other costs of production to produce q units of . The firm decides to outsource if, and only if,
11 In the formal model we also add other factors that affect the cost of outsourcing that are known to the firm but unobserved to the econometrician. These factors reflect adjustment costs due to loss of control over the input design, i.e., the additional cost of using a standardized input. This additional cost is absent when x is produced in-house because the firm can perfectly tailor the input to its specific needs.
In the Appendix we solve for 1 0 − V V which completely determines the firm's outsourcing decision in period t as a function of ( ) 12 Thus, when λ increases and new production technologies are more likely to appear in the future, firms will be more reluctant to buy the current machines today and produce in-house because these technologies will soon be obsolete. Upgrading the technology --which is the optimal thing to do --involves incurring a sunk cost di novo. The higher is , λ the more frequently the new machines arrive and the less time the firm has to amortize the sunk costs. Instead, the firm can use outsourcing to obtain x from supplying firms using the latest technology and avoid the sunk costs. All other things equal, an increase in λ decreases the cost of outsourcing relative to that of in-house production making the firm more likely to outsource. This is the main prediction of the model that we take to the data .
III. Data and Empirical Specification
We use The survey includes annual information on firms' production outsourcing decisions, defined as a contractual relationship in which the firm commissions a third party to produce products, parts, or components made to the firm's specifications. 13 We use this information to create two indicators of production outsourcing: a dummy for whether or not the firm engaged in outsourcing, and the value of outsourcing divided by total costs. Total costs are defined as the sum of: (1) labor costs, (2) the cost of external services (R&D, advertising, public relations and other) and (3) purchases of goods for sale in the same condition in which they were acquired, raw materials and other consumables, and work carried out by subcontractors. The items in (3) are reported in the survey as an aggregate figure. Table 1 shows the percentage of firms that reported outsourcing at least some part of production during the 1990 -2002 time period and the mean value of the outsourced production as a percentage of total cost. On average, 43% of firms reported that they outsourced production during this time period. The outsourcing percentage rose from 35% in 1990 to 42% in 2002, with even higher values in some of the intervening years. There is significant variation in the likelihood of outsourcing across industries ranging from a low of 7.7% for "man-made fibers" to a high of 77.5% for "agricultural and forestry machinery". The average value of the outsourced production as a percentage of total costs is 5.4 percent during this time period; for firms that did outsource production, the mean value of outsourced production as a percentage of total costs is 13 12 percent, with a low of 1.8 percent (industrial process control equipment) and a high of 23.7
percent (agricultural and forestry machinery).
The model in the Appendix derives the decision to outsource, y it , as a function of expected technological change, λ, size of the firm (output or sales), lagged outsourcing and input prices. Under the assumption that input prices are common to all firms in an industry, these will be captured by industry dummies (ID). The main implication of the model presented in Part II is that, all other things equal, the probability of outsourcing increases with the exogenous probability of technological change, λ, which is given to the firm and represents the probability of technological change in the production process. The model also predicts that the probability of outsourcing decreases with sales, q t .
As a first approximation to the model, we estimate equation (3):
where the dependent variable is either of the two measures of outsourcing. Later, we add dynamics to this equation.
In order to test the main prediction of the model, we need a proxy for λ, the firm's expectations with regard to technological change in its production process. The Spanish dataset includes a number of variables which might be reasonable proxies for λ. The firm's investment in R&D or its patent registrations can be good proxies to the extent that R&D (or patenting) is used to adapt exogenous changes in the production technology to the specific requirements of the firm.
The notion of R&D serving this adaptive role has been tested by Cohen and Leventhal (1989) .
Another suitable proxy could be whether the firm engages in product innovation since this may be facilitated by exogenous changes in production technologies. Summary statistics for R&D 13 intensity, patent registrations, and product innovation are shown in Appendix Table A-1. While these variables are likely to be correlated with the firms' expectations of technological change in its production process, they could be endogenous if unobserved factors drive these decisions as well as the decision to outsource. For example, firms that are unobservably more "innovative" or "creative" may be engaging in more R&D, registering patents, engaging in product innovations and outsourcing production.
We can partially address this concern by exploiting the panel nature of our data which allows us to control for time-invariant unobserved factors that affect both the decision to engage in R&D (and therefore increase λ) and to outsource. Inclusion of fixed effects also enables us to control for other factors that affect the cost of outsourcing such as adjustment costs due to loss of control over input design. But adding fixed effects does not address all sources of endogeneity of the proposed proxies for λ. Causality could also go in the other direction. For example, the decision to outsource could induce the firm to shift from secrecy to patenting in order to protect an innovation.
14 In order to address this concern, we use a proxy for λ which, by construction, is exogenous to the firm. This proxy is the number of patents granted yearly by the U.S. Patent
Office that are linked to the industry in which the patents are used. These data are obtained from the NBER Patent Citations Data File described in Hall, Jaffe and Trajtenberg (2001) . The industrial sector to which a patent is assigned is usually not identical to the sector using the patented invention. Hence it is necessary to convert data on the number of patents originating in an industry into the number of patents used by an industry. We are able to do this conversion using an algorithm kindly provided by Daniel Johnson as described in Johnson (2002) . This algorithm takes the data on patents originating in the U.S. in each year and creates a count of the number of patents used by each of 38 manufacturing sectors (based on the ISIC classification).
14 We then matched these 38 sectors to the 44 manufacturing sectors used in the ESEE. Table 2 shows the contemporaneous patent counts for 1990 through 2002 assigned to each of the Spanish manufacturing sectors. The patent counts for the later years are significantly lower than those in earlier years because of the time lag between submission of a patent application and the actual granting of the patent. Note that seven industries (energy machinery, non-specific-purpose machinery, agricultural and forestry machinery, machine-tools, special purpose machinery, weapons and ammunition, and domestic appliances) were assigned the same patent counts because the ISIC classification groups these industries together.
For the regressions, we calculated, for each year, the average number of patents used in the sector over the previous three years and assigned this value to each Spanish firm based on its industrial sector. The three period lag is used instead of the contemporaneous value of patents for two reasons. First, year to year variations in patents are volatile and using information over a three year period smooths the data. 15 Second, given the time lag between patent application and patent granting, using the average of patent counts over the prior three years, rather than the current year plus the prior two years, enables us to include 2002 in our analysis. The U.S. patents variable is clearly exogenous to the outsourcing decisions of the Spanish firm and enables us to estimate the causal impact of expected technological change on outsourcing.
Our model predicts that larger firms will be less likely to outsource and we therefore include the firm's sales in the equation. We also control for a set of variables that have been the subject of previous research on the determinants of outsourcing. Since firms may use outsourcing as a way of economizing on labor costs (see Abraham and Taylor, 1996) , we include the firm's average labor cost defined as total annual spending (wages and benefits) on employees divided by total employment. Outsourcing may also be used to smooth the workload of the core workforce during peaks of demand (Abraham and Taylor, 1996; Holl, 2008) . Hence, we add a measure of capacity utilization defined as the average percentage of the standard production capacity used 15 We tried shorter and longer time horizons and our results were unchanged.
15 during the year. Another factor that can increase the propensity to outsource is the volatility in demand for the product (Abraham and Taylor, 1996; Holl, 2008) . We proxy volatility using two dummy variables that indicate whether the company's main market expanded or declined during the year. It has also been argued that very young firms may be less likely to outsource because they have not had sufficient time to learn about the quality and reliability of potential subcontractors (Holl, 2008) and we therefore include the age of the firm. Whether the firm primarily produces standardized products or custom made products could also affect the propensity to outsource production if custom made products involve more frequent changes in the production process. We add a dummy variable that equals one if the firm indicated that it produces standardized products that are, in most cases, the same for all buyers. Finally, we control for the firm's export propensity, the value of exports divided by sales (Girma and Gorg, 2004; Diaz-Mora, 2005; and Holl, 2008) . 16 Summary statistics on all of these variables are shown in Appendix Table A-1.
IV. Results
We use two dependent variables, an indicator of whether the firm is engaged in outsourcing production and the value of the firm's outsourced production as a percentage of total costs. Regressions using the first dependent variable are estimated with fixed effect Logit while random effect Tobit is used for the second dependent variable since 60 percent of the observations are zeroes. Table 3 are from regressions that include industry dummies, sales, and additional control variables; the coefficients on the additional variables are shown in Table 7 , where column (2) uses the exact specification from column (2b) in Table 3 .
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The proxies for technological change (R&D, product innovation, and patent registration) are all positive and significant in both the fixed effect Logits and the random effect Tobits. According to the Logit estimates, firms that engage in R&D are 7 percent more likely to outsource and firms that engage in product innovation or register patents are 5 percent more likely to outsource. We note that since these variables are all proxies for expected technological change and we do not know the true relationship between the proxies and the actual value for expected technological change, it is difficult to interpret the magnitudes of the coefficients. Hence, we prefer to conclude simply that there is a positive and significant relationship between outsourcing and these proxies.
However, as explained in Part III, we cannot infer causation from these results because the firm's decision to engage in R&D, create new products and/or register patents is endogenous. Table 4 . This is strong evidence of a causal relationship between expected technological change and the decision to outsource production as well as the extent of outsourcing. As explained above, we cannot interpret the magnitudes of the coefficients on patents in Table 4 .
In Table 5 , we show the coefficients on the patent variable from random effects Logit and Tobit regressions that use the specification generated from the model presented in the Appendix;
complete regression results are in Appendix Table A-3. Adding dynamics to the model, i.e.
including lagged outsourcing as a regressor, requires that we address the initial conditions problem. We follow Wooldridge (2005) in specifying a homoskedastic normal density for the unobserved firm effect conditional on the exogenous variables and initial outsourcing. We express the unobserved effect as a linear combination of the time averages of the exogenous variables, initial outsourcing and a normal error term which is then integrated out from the likelihood function. The results in Table 5 are virtually identical to those in Table 4 ; the causal impact of U.S. patents on the outsourcing decisions of Spanish firms remains even when we add dynamics to the model.
B. Alternative Explanations
The prior literature on vertical integration and outsourcing has focused on the role played by relationship-specific investments in a context where at least some part of the contract is nonverifiable ex post and hence non-contractible ex ante (Gibbons, 2005; Hubbard, 2008; Acemoglu et.al., 2010) . Our model on the other hand, focuses on expectations of technology change and implicitly assumes full contractibility. It is possible, and perhaps likely, that both approaches --expectations about technological change and the existence of incomplete markets --play a role in explaining outsourcing. Since we have not controlled for the specificity of investment, we are concerned that our estimates of the effect of technological expectations may be reflecting the effect of incomplete markets on outsourcing.
In order to control for the effect of incomplete markets on outsourcing, we turn to the proxy for relationship-specific investments created by Nunn (2007) . Nunn used 1997 data to calculate the proportion of each industry's intermediate inputs that are sold on an organized exchange or reference priced in a trade publication. He defines "differentiated inputs" as inputs that are neither sold on an organized exchange nor reference priced in a trade publication. As in
Nunn (2007), we use the measure of differentiated inputs as a proxy for the extent to which an industry is subject to industry-specific investments. We matched Nunn's data to the industrial sectors in the ESEE and re-estimated the regressions in Table 4 adding the differentiated inputs variable. 18 The results, shown in Panel A of Table 6 , demonstrate that the patent variable remains positive and significant. Note also that the effect of the differentiated inputs variable is positive and significant which is consistent with the property rights theory in the case of the input supplier's investments dominating the relationship. 19 The positive coefficient on the differentiated inputs variable rules out a role for the transactions cost theory because this theory predicts that vertical integration is more likely in the presence of relationship-specific investments.
In Panel B, we delete firms that are in industries that have a large share of relationshipspecific inputs, defined as having a value above the median for the Nunn variable. In this way we restrict the analysis to firms in industries which have a small share of relationship-specific inputs.
Since the property rights theory of outsourcing is based on the role of relationship-specific inputs, by focusing on industries where relationship-specific inputs are less important, the property rights theory of outsourcing would have less relevance for these industries. In Panel B, we find that the patent variable remains positive and significant for these industries. In other words, our finding regarding a positive relationship between U.S. patent filings and production outsourcing by 18 We are unable to estimate fixed effects Logit regressions because the Nunn variables are only available for one year. 19 The Nunn variable is positively but marginally significantly correlated with the patent measure we use for 1997 (i.e. the mean over [1994] [1995] [1996] as well as with the mean number of patents over the 1990-2002 time period (.268 and .243, with significance levels of 9 percent and 13 percent, respectively.)
Spanish firms holds for firms that are in industries where relationship-specific inputs are not important. For these firms, the property rights theory would not be relevant, while our model of expected technological change still applies. Hence, we conclude that our findings on the effects of technological expectations on outsourcing do not reflect the effect of incomplete markets. Table 7 presents the coefficients on the non-technology variables described in Section III.
C. Other Determinants of Outsourcing
Column (2) corresponds to the specification in column (2b) of Table 3 . Column (1) shows the results without firm fixed effects. In columns (3) through (6), the analysis is restricted to 1990, 1994, 1998 and 2002 because these are the only years in which data on some of the nontechnology variables were collected. Columns (3) and (4) use identical specifications, except that Column (4) includes firm fixed effects. Finally, Columns (5) and (6) report the specifications from Columns (1) and (2) but restrict the sample to the four years in which data for all of the nontechnology variables are available.
Unlike the proxies for expected technological change, the coefficients on the nontechnology variables in the model are not robust to the inclusion of fixed effects. When firm fixed effects are not included in the regressions, some of the non-technology variables are significant, supporting results from the prior literature. As shown in previous research (Abraham and Taylor, 1996; Holl (2008) the volatility of demand for the product as proxied by market expansion, is positively correlated with the probability of outsourcing. High average labor costs are also associated with outsourcing in columns (3) and (5), consistent with previous work (Abraham and Taylor, 1996) . But we find no effect of sales which is at odds with the prediction of our model.
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The firm's export propensity is positively correlated with outsourcing. But, importantly, none of these results remain significant when we add fixed effects. We conclude that findings from 20 previous studies that rely on cross-sectional analyses may not be robust.
V. Conclusions
Previous research on the relationship between technology and outsourcing has focused on the roles played by asset specificity, technological diffusion, and information and communications technology. In this paper we study the outsourcing of production and we propose an alternative perspective on the relationship between technological change and outsourcing. We present a dynamic model that shows that outsourcing becomes more beneficial to the firm when technology is changing rapidly. The intuition behind the model is that as the pace of innovations in production technology increases, the less time the firm has to amortize the sunk costs associated with purchasing the new technologies. This makes producing in-house with the latest technologies relatively more expensive than outsourcing. The model therefore provides an explanation for the recent increase in outsourcing that has taken place in an environment of increased expectations for technological change.
We test the predictions of the model using a panel dataset on Spanish firms for the time period 1990 through 2002. This dataset is superior to those used in previous studies of outsourcing because it enables us to observe changes within firms over a long time period. Our econometric analysis controls for unobservable fixed characteristics of the firms and, most importantly, uses an exogenous measure of expected technological change, i.e. the number of patents granted by the U.S. patents office in the Spanish firm's industrial sector. The empirical results support the main prediction of the model, namely, that all other things equal, outsourcing of production increases with expected technological change. Our use of the patent variable enables us to conclude that this relationship is causal; no prior study has been able to provide causal evidence of the impact of technological change on production outsourcing. We also show that our results are robust to the inclusion of a measure of relationship-specific investments and 21 furthermore that the patents variable remains significant when the analysis is restricted to industries with little relationship-specific investments. This shows that our results cannot be explained by the transactions costs or property rights theories of the firm. Furthermore, while the existing literature has found evidence that non-technology variables play a role in the decision to outsource, we find no such evidence here when accounting for firms' fixed effects. conceivable that the price of machines depends on improvements to the machines. We assume that the quality-adjusted price of machines decreases when technology improves, i.e.,
Appendix: A Model of Production Outsourcing
as often claimed (Gordon, 1990) . Given that each machine produces t θ units of ,
x the total cost of producing q units of x in-house with the latest technology t θ is therefore,
where ( ) ⋅ I is an indicator function taking the value of one when the statement within the parentheses is true and zero otherwise.
Equation (2) then it pays a fraction 0 < 1 ≤ α of the sunk cost. It is less costly to adopt a technology that was introduced in previous periods. Note, however, that we do not allow α to depend on the time span between the current period and the period at which the latest technology appeared in the market. That is, the firm pays s α even if the current technology t θ has remained unchanged for many periods. Note also that the firm pays s α for the old technology as long as it outsourced during
− t
That is, even if the firm used the (old) technology in periods 2 − t or earlier, but skipped using it in period 1, − t it has to pay a fraction α of the sunk cost. This assumption reflects "organizational forgetting" which occurs when the firm does not use a technology for a period of time (Benkard, 2000) .
When a new technology appears the firm can in principle ignore it and continue using the previous (old) technology. The upgrading or adoption decision depends on whether using the upgraded technology is less costly than using the old technology. This is determined by the size of the sunk cost relative to the savings of using the latest technology, q is the minimal amount of output that is profitable to produce.
Assumption (A-3) implies that if the firm decides to produce in-house it will always do so using the latest technology. Equation (A-2) therefore refers to the costs of producing x inhouse using the latest technology available. A-fortiori, this assumption logically implies that suppliers of x in the market should always be producing with the latest technology because they spread the sunk cost of upgrading over a larger quantity of output.
The other alternative to procuring x is by purchasing it in the market. The cost of outsourcing q units of x is ( ) ( )
where T t p and t p are, respectively, the unit price of x in the presence and absence of technological change at t and v represents other factors affecting the outsourcing decision.
Presumably, the suppliers of x are also facing more productive machines and may therefore lower their prices depending on the competitive environment in the market for x . Thus, we want to allow for the possibility of firms lowering their prices when their inputs are more productive. For the empirical part it is important to model other factors affecting the decision to outsource that are known to the firm but unobserved to the econometrician. 0 ≥ v reflects adjustment costs due to loss of control over the input design, i.e., the additional cost of using a standardized input. This additional cost is absent when x is produced in-house because the firm can perfectly tailor the input to its specific needs.
The revenues t R obtained from selling the final good do not depend on the way in which x was procured. Thus, profits are given by
Note that profits from in-house production are determined by technology and, because of the presence of sunk costs, by past outsourcing decisions, while profits from outsourcing are not.
Because revenues are equal, differences in profits reflect differences in the costs of procuring , x z are the operating profits of these suppliers (gross of fixed costs) and these should therefore be nonnegative. The price paid to an outside supplier may be lower than its in-house marginal cost when the production of x is subject to increasing returns or learning effects which confer a cost advantage to suppliers producing (relatively) large amounts of x to serve a large market. In this case, all firms will outsource. The interesting case is therefore when 0 ≥ t z and 0 ≥ T t z and we maintain this assumption. To simplify the analysis, we also assume that suppliers' margins are constant over time so that, for any q , = , = forall .
At the beginning of period , t the firm observes the evolution of technology up to , t i.e., 1 2 ( , , , )
and its past actions. The firm makes its (discrete) outsourcing decision in order to maximize the expected discounted value of its profits. Note that the Markovian nature of technology implies that only t θ affects the future evolution of technology. However, because costs of in-house production depend on whether t θ is a new technology and on whether it was previously used or not ( , ,  ) .
where 0 V is the expected discounted value if the firm decides to produce in-house during , t i.e., = 0, t y and 1 V is defined similarly when the firm decides to outsource, i.e., = 1.
t y
The firm decides to outsource if, and only if,
The value from in-house production (outsourcing) equals current profits 0 1 ( ) π π plus the discounted expected value next period given in-house production (outsourcing) today, 
Given our simplifying assumptions, when a new technology appears the costs of both alternatives --outsourcing and in-house production --do not depend on 1 .
− t y Thus, when there is technological change, the past history of in-house production does not matter. This implies, ( , ,0)= ( , ,1).
where G is the distribution function of s and 
The difference in the firm's value between outsourcing and in-house production when
From (A-9) and (A-5) we have (7)). 
This implies 
We want to check that the RHS operator returns these values. It can be easily checked that
= = < 1
(1 ) G Abusing the notation, we obtain 
T z z v In every
period, the firm draws a sunk cost from the distribution G and decides whether to outsource or not according to (A-11) . It is important to have heterogeneity in t s (or in ) v . Otherwise, all firms of a given size q would be either outsourcing or producing in-house which is in general contrary to the facts.
The first row in (A-11) indicate that when there is technological change the decision to outsource does not depend on gains from previous in-house experience. Thus, the probability of outsourcing at t conditional on a technological jump is,
It can be easily shown that Because marginal cost of in-house production is lower than t p and the firm already paid the sunk cost (since it was producing in-house last period with the latest technology which did not change) it will continue producing in-house in period .
t That is,
In other words, the model implies that in-house producers will only outsource when there is technological change.
When the firm outsourced in period 1, − t and there is no technological change, it may decide to produce in-house in period t if the realized sunk cost t s is low enough. Thus, the probability of outsourcing is less than one (even if the technology does not change). From (A-11) we can easily compute,
(1 ) ( )
As in the previous case, the probability of outsourcing conditional on ( )
, ,
increases with λ and decreases with .
+ z v
Thus, when λ increases and new production technologies are more likely to appear in the future, firms will be more reluctant to buy the current machines today and produce in-house because these technologies will soon be obsolete. Upgrading the technology --which is the 31 optimal thing to do --involves incurring a sunk cost di novo. The higher is , λ the more frequently the new machines arrive and the less time the firm has to amortize the sunk costs.
Instead, the firm can use outsourcing to obtain x from supplying firms using the latest technology and avoid the sunk costs. All other things equal, an increase in λ decreases the cost of outsourcing relative to that of in-house production making the firm more likely to decide to outsource. The main prediction of the model that we take to the data is that the probability of outsourcing increases with . a Standard errors are shown in parentheses. All regressions include year dummies, sales, percent capacity utilization, average wage, and dummy variables for firm's main product market expanding or declining. Relationship-specific investments are the percentage of the value of inputs that are neither reference priced nor sold on an organized exchange from Nunn (2007) . 
